Hepatitis C virus (HCV) RNA-dependent RNA polymerase replicates the viral genomic RNA and is a primary drug target for antiviral therapy. Previously, we described the purification of an active and stable polymerase-primer-template elongation complex. Here, we show that, unexpectedly, the polymerase elongation complex can use NTPs to excise the terminal nucleotide in nascent RNA. Mismatched ATP, UTP, or CTP could mediate excision of 3′-terminal CMP to generate the dinucleoside tetraphosphate products Ap 4 C, Up 4 C, and Cp 4 C, respectively. Pre-steady-state kinetic studies showed that the efficiency of NTP-mediated excision was highest with ATP. A chain-terminating inhibitor, 3′deoxy-CMP, could also be excised through this mechanism, suggesting important implications for nucleoside drug potency and resistance. The nucleotide excision reaction catalyzed by recombinant hepatitis C virus polymerase was 100-fold more efficient than the corresponding reaction observed with HIV reverse transcriptase.
Hepatitis C virus (HCV) RNA-dependent RNA polymerase replicates the viral genomic RNA and is a primary drug target for antiviral therapy. Previously, we described the purification of an active and stable polymerase-primer-template elongation complex. Here, we show that, unexpectedly, the polymerase elongation complex can use NTPs to excise the terminal nucleotide in nascent RNA. Mismatched ATP, UTP, or CTP could mediate excision of 3′-terminal CMP to generate the dinucleoside tetraphosphate products Ap 4 C, Up 4 C, and Cp 4 C, respectively. Pre-steady-state kinetic studies showed that the efficiency of NTP-mediated excision was highest with ATP. A chain-terminating inhibitor, 3′deoxy-CMP, could also be excised through this mechanism, suggesting important implications for nucleoside drug potency and resistance. The nucleotide excision reaction catalyzed by recombinant hepatitis C virus polymerase was 100-fold more efficient than the corresponding reaction observed with HIV reverse transcriptase.
drug resistance | NS5B | nucleoside analog | pre-steady-state kinetics | pyrophosphorolysis C hronic infection with hepatitis C virus (HCV) is a leading cause of liver disease worldwide. Current treatment of the infection is based on the combination of pegylated IFN-α and ribavirin, which can lead to a sustained viral response (functional cure) in ∼50% of patients infected with HCV genotype 1 and in 80% of patients infected with HCV genotype 2 or 3. With the approval of the new HCV protease inhibitors, boceprevir and telaprevir, added to pegylated IFN and ribavirin, cure rates in treatment-naive patients infected with HCV genotype 1 have improved to ∼70%. However, these treatments are associated with significant side effects, and a large number of patients either do not respond or develop resistance to the current treatment options (1) (2) (3) . New drugs in development include nucleoside analogs targeting the HCV polymerase (NS5B). These compounds, in contrast to protease inhibitors, are characterized by potency across all HCV genotypes and a higher barrier to resistance (4, 5) .
NS5B is a 68-kDa RNA-dependent RNA polymerase (RdRp) responsible for replication of the HCV genome. Its structure has the canonic right-hand polymerase structure with thumb, fingers, and palm domains, although extensions from the fingers domain enclose the active site and a β-loop originating from the thumb prevents the binding of duplex RNA (6, 7) . HCV RNA replication initiates de novo without a primer in vivo, and RNA synthesis by NS5B proceeds through two very distinct mechanistic phases: initiation and elongation. Initiation of RNA synthesis is inefficient and associated with the production of a large amount of short, abortive RNA products, which are released into solution (8) (9) (10) . Following initiation, RNA elongation is rapid and processive during the elongation phase (11) . The different mechanistic and kinetic properties associated with the initiation and elongation phases suggest that different conformations of the NS5B protein may be required in these two phases. The available crystal structures of NS5B appear to represent the initiation conformation of the protein because the active site precludes the binding of duplex RNA.
The study of HCV polymerase activity and the mechanism of elongation were hampered for a long time by the apparent low specific activity of recombinant NS5B, which precluded rigorous kinetic analyses (12, 13) . However, we recently established a method that enables the generation and purification of a functional elongation complex of the HCV polymerase, NS5B, in complex with template RNA and elongated nascent RNA (11) . This complex was found to be very stable (dissociation t 1/2 > 1 wk), and it allowed the characterization of nucleotidyl transfer reactions using single-turnover transient kinetic methods. The results obtained are consistent with a mechanism of processive replication during the elongation phase, where each nucleotide addition follows a three-step minimum reaction mechanism shown in Scheme 1, similar to other RNA and DNA polymerases. The ground state binding of NTP to the enzyme-RNA complex is followed by the nucleotide incorporation and pyrophosphate (PP i ) release. The reverse reaction (pyrophosphorolysis) removes the 3′-terminal nucleotide from the nascent RNA. HCV polymerase can also misincorporate NTP substrates, with G/U mismatches being the most efficiently formed (14) .
þ PP i : Scheme 1. Minimum mechanism of nucleotide incorporation catalyzed by HCV NS5B.
Using the recently established method of generation of a stable elongation complex containing NS5B, template, and primer, we further characterized the enzymatic activities of HCV polymerase. Unexpectedly, we discovered that recombinant NS5B can excise a nucleotide at the 3′-end of the nascent RNA via a nucleotide-dependent reaction. This mechanism is reminiscent of the nucleotide-dependent excision of dideoxynucleotides at the 3′-end of DNA by HIV reverse transcriptase (HIV RT), first reported by Meyer et al. (15, 16) . HIV RT uses a noncomplementary nucleotide, most likely ATP in the cell, to excise nucleoside analogs that cause replication termination, and thus rescues replication. This mechanism was originally discovered as the basis for the evolution of resistance to antiviral thymidine nucleoside analogs targeting HIV RT (17) (18) (19) . Based on numerous biochemical and structural studies on HIV RT, this mechanism was found to be analogous to pyrophosphorolysis, the reverse of the forward nucleotide polymerization reaction (Schemes 2 and 3). Instead of using PP i as the nucleophile for the excision of the 3′-terminal nucleoside monophosphate, the γ-phosphate of the reactive nucleotide provides the nucleophile, forming a dinucleoside 5′,5′′-tetraphosphate product (NppppN or Np 4 N). Interestingly, it has been reported that Np 4 N molecules can affect cell signaling and regulation of gene expression (20, 21) . Thus, the formation of such signaling molecules may have roles in viral replication beyond nucleotide excision and rescue of stalled/terminated viral RNA or DNA molecules.
Scheme 2. Minimal mechanism of pyrophosphorolysis.
Scheme 3. Minimal mechanism of NTP mediated excision reaction. As an example, the nascent RNA primer was terminated by a CMP.
In this report, we describe recombinant HCV NS5B as an RdRp to catalyze NTP-dependent excision. The excision of a 3′-terminal CMP on the primer by a noncomplementary nucleotide (i.e., ATP, UTP, CTP) generates dinucleoside tetraphosphate by-products: AppppC (Ap 4 C), UppppC (Up 4 C), and CppppC (Cp 4 C), respectively. A reaction mechanism is proposed based on transient kinetic analysis, and the catalytic efficiencies were measured using different NTP substrates. We also demonstrate that this activity can remove a chain terminator, 3′-deoxy-CMP (3′dCMP), from nascent RNA, and therefore can restore functional elongation of the chain-terminated RNA. The implications of the NTP-mediated excision mechanism for HCV replication, NS5B fidelity, antiviral drug potency, and drug resistance are discussed. . 1A shows the sequence of the template RNA and the reactions to form the 9-mer nascent RNA. A GG dinucleotide primer was extended by HCV polymerase after the addition of ATP and UTP. After 2 h of reaction, NS5B protein was converted into a stable elongation complex with the nascent RNA stalled at position 9. At this length of nascent RNA, the HCV polymerase has undergone its change from the initiation into the elongation conformation (11) . Based on the template sequence, a CTP is the next cognate nucleotide. The addition of α-32 P-CTP to the reaction mixture allows the efficient formation of a 10-mer nascent RNA with an α-32 P-CMP at its 3′-end, which remains in a stable complex with the NS5B protein and the 20-mer template (11) . The products of this reaction are shown on a denaturing polyacrylamide gel in Fig. 1B (lane 1) . Visible from this reaction are the 3′-labeled 10-mer RNA and excess unincorporated α-32 P-CTP. The CTP and the unlabeled abortive RNA transcripts were separated from the ternary elongation complex by selective precipitation, as described previously (11) . The result is a purified elongation complex with a stably bound, 3′-labeled 10-mer nascent RNA, as shown in Fig. 1B (lane 2) .
Results

3′-Terminal α-
To investigate the excision activity of HCV polymerase, the NS5B-10/20-mer complex was incubated with 2 mM PP i for 7 min (Fig. 1B, lane 3) . During this reaction, the 3′-end-labeled 10-mer RNA decreased in intensity and a new band appeared at the bottom of the gel, which comigrates with α-32 P-CTP. This reaction was greatly reduced by the addition of pyrophosphatase, which hydrolyzes PP i (Fig. 1B, lane 4) . These results are consistent with a typical pyrophosphorolysis reaction.
Next, we investigated the reactions catalyzed by the NS5B-10/ 20-mer complex after the addition of one of the four NTPs: ATP, UTP, CTP, or GTP. For the reaction with ATP, which is a mismatched nucleotide for the next templating base (CMP), a misincorporation product was expected. Surprisingly, only very faint bands representing the misincorporation product were observed above the 10-mer band (Fig. 1B, lanes 5 and 6) . However, the intensity of the 10-mer band decreased during the reaction, and a new product band appeared near the bottom of the gel, which migrated more slowly than CTP. This reaction was not affected by the presence of pyrophosphatase, and there was no detectable CTP generated, indicating that this reaction was not mediated by PP i . The product generated from this reaction was identified as the dinucleoside tetraphosphate molecule Ap 4 C, based on comigration with a molecular reference standard. The reference standard for this molecule was generated, as previously described, in an enzymatic reaction using luciferase with α-32 P-CTP and ATP as substrates (16, 22) (Fig. 1B, lane 7) . The RdRp NS5B could therefore use ATP to excise the 3′-terminal nucleotide from a nascent RNA in a reaction reminiscent of the activity previously described for the DNA polymerase HIV RT (16) . This reaction has never been described for an RNA polymerase. When the elongation complex was incubated with UTP and CTP, the 10-mer band also decreased in intensity during the reaction, and new products were observed at the bottom of the gel. These products were identified as Up 4 C and Cp 4 C, respectively, similar to the observation with ATP (Fig. 1B, lanes 8-13) .
When the elongation complex was incubated with GTP, an 11-mer RNA product was generated from the reaction, and no other products were observed (Fig. 1B, lanes 14 and 15) . GTP is a complementary nucleotide for the next template base (CMP); thus, it was used as a substrate for correct incorporation.
Our results demonstrated that HCV polymerase could use an incoming mismatched NTP to catalyze a nucleophilic substitution reaction at the 3′-terminal phosphodiester bond, resulting in the formation of a nucleoside 5′,5′′-tetraphosphate and shortening of the nascent RNA molecule by a single nucleotide.
Efficiency of Excision by NS5B Using Noncomplementary NTPs. We determined the kinetic parameters for the NTP-mediated excision reaction using transient kinetics. The NS5B-10/20-mer elongation complex was mixed with ATP at various concentrations to start the excision reaction. Fig. 2A shows the gel image of the time courses of the reactions. The reaction proceeded with a decrease of the 3′-labeled 10-mer RNA and a corresponding increase of Ap 4 C. We observed small amounts of misincorporation products above the 3′-labeled 10-mer RNA at high ATP concentrations. The time dependence of Ap 4 C formation plotted in Fig. 2B showed that the amplitude of the reaction to form Ap 4 C was dependent on the ATP concentration, indicating that the reaction was reversible; that is, if the reactions were irreversible, the same end point would be achieved at each substrate concentration, and this was clearly not the case. Rather, our results imply that NS5B can also use Ap 4 C as a substrate for RNA extension, leading to a shuttling of the 32 P-labeled CMP between the 3′-end of the 10-mer and Ap 4 C product in a reversible reaction. When the excision reaction was performed in the presence of a low concentration (5 μM) of unlabeled CTP, the reactions proceeded to same amplitudes at completion for all ATP concentrations, thus appearing to be irreversible (Fig. 2C) . In this reaction, the unlabeled CTP competes with Ap 4 C as a substrate for RNA extension, and therefore traps the radiolabel in the Ap 4 C, making the reactions appear to be irreversible. The data were analyzed by global data fitting to a reversible mechanism, as shown in Scheme 4. The fitted kinetic parameters for the forward and reverse reactions are shown in Table 1 . The apparent substrate dissociation constant (K d = 1/K 1 ) for ATP binding during excision was 2.9 ± 0.2 mM, and the rate of excision, k 2 , was 0.076 ± 0.003 s Table 1 .
The global data analysis also yields estimates for the parameters of the reverse reaction, k −2 and K 3 , but with large SEs and large ranges of acceptable parameter values revealed in the confidence contour analysis. Although we did not directly measure the reverse reaction, the concentration dependence of the amplitude provides sufficient information to estimate the catalytic efficiency for the reverse reaction, k −2 /K 3 , which was estimated to be in the range of 0.10-0.89 μM −1 ·s −1 with 90% confidence. These results suggest that Ap 4 C is an excellent substrate for HCV polymerase to catalyze RNA extension.
The kinetic profile for excision reactions mediated by UTP was similar to that for those obtained with ATP ( Fig. S2 A-D) . The reactions were reversible, and the addition of 5 μM CTP made the reactions appear irreversible by trapping the radiolabel in the Up 4 C product. The kinetic parameters calculated from global fitting according to Scheme 4 are shown in Table 1 .
The kinetics of excision mediated by CTP are shown in Fig. 3 . Interestingly, the reactions appeared irreversible, consistent with the reverse reaction of labeled Cp 4 C being prevented by the presence of excess unlabeled CTP. The kinetic parameters calculated from global fitting according to Scheme 4 are shown in Table  1 . During data fitting, the parameters for the reverse reaction could not be derived because the reactions went to completion with similar amplitudes, therefore providing no information to define the reverse reaction.
Based on the results summarized in Table 1 , the excision of the terminal nucleotide from nascent RNA was most efficiently catalyzed by the NS5B elongation complex with ATP as a substrate, whereas efficiencies with CTP and UTP were similar and approximately fivefold lower than for ATP.
As mentioned above, the elongation complex is highly stable. Therefore, the excision reaction was completed in a single reaction phase without polymerase dissociation from the template and nascent RNA. To demonstrate the stability of the NS5B-10/ 20-mer complex during excision, the excision reaction mediated by CTP was performed in the presence of enzyme traps: excess unlabeled 10-mer RNA, excess unlabeled 10/20-mer annealed RNA, or high-concentration (0.5 mg/mL) heparin (Fig. S2F) . The kinetic profiles of CMP excision were similar under all conditions, which implies no measurable release of enzyme from the elongation complex during the time of the experiment, consistent with the high stability of the elongation complex measured previously (11) .
Efficiency of Excision by Pyrophosphorolysis. For comparison, we also determined the kinetic parameters for nucleotide excision by pyrophosphorolysis. Three experiments were performed (Fig. 4) , and the data were analyzed according to the minimal mechanism shown in Scheme 2. In Fig. 4A , the time course of pyrophosphorolysis was monitored at various concentrations of PP i . The PP i concentration dependence of the product amplitude provides direct evidence that the reaction is reversible. This was expected, because the labeled CTP formed during the pyrophosphorolysis reaction could be used as a substrate for RNA extension, leading to reincorporation of the labeled CTP. The addition of 5 μM unlabeled CTP to the same reaction effectively competed with the labeled CTP product in the RNA extension reaction; thus, the reaction proceeded to completion at all concentrations of PP i (Fig. 4B) . In Fig. 4C , reactions were performed under identical conditions as in Fig. 4A but with radiolabel on the 5′-end of the nascent 10-mer RNA and monitoring the shortening of the RNA from 10 to 9 nt in length. The kinetic parameters for pyrophosphorolysis determined from these reactions are shown in Table 1 .
Based on these results, excision of the terminal nucleotide from nascent RNA was most efficiently catalyzed by NS5B with PP i as a substrate, with ∼50-fold increased efficiency compared with ATP (Table 1 ). Both binding affinity (∼10-fold) and cleavage rate (∼fivefold) contributed to this difference. Overall, the excision efficiencies mediated by NTP or PP i were on the order of PP i > ATP > CTP ≈ UTP.
Excision and Replication Rescue of a 3′dCMP-Terminated RNA. Nucleoside analogs are important drugs and drug candidates for the treatment of a large number of viral diseases, including hepatitis C, hepatitis B, HIV, herpes virus infections, and others. The efficacy of chain-terminating nucleoside analogs can be estimated by quantifying the efficiency of incorporation and excision. We therefore investigated whether HCV polymerase could use the NTP-mediated or PP i -mediated mechanism to excise the nucleoside analog, 3′dCMP. As outlined in Fig. 5A , experiments were designed to determine if HCV polymerase could excise 3′dCMP from the nascent RNA and resume replication to form the fulllength RNA product. In this assay, the NS5B-10/20-mer elongation complex was created with a 10-mer nascent RNA that was 5′-end 32 P-labeled and was terminated with a 3′dCMP. When the excision reaction was performed with 2 mM PP i , shorter (<10-mer) RNA products were observed, consistent with the excision of several nucleotides from the 3′-end, including the 3′dCMP, by pyrophosphorolysis (Fig. 5B , lane EXCISION/PP i ). When 5 μM NTPs (ATP, UTP, GTP, and CTP) were added to the reaction, in addition to 2 mM PP i , the chain-terminated RNA could be rescued by excision of the chain terminator and then extended to form longer RNA products (Fig. 5B , lane RESCUE/PP i ).
When the excision reaction was performed with 2 mM ATP, shorter (<10-mer) and longer (>10-mer) RNA products were observed (Fig. 5B, lane EXCISION/A) . The major shorter RNA product is the 9-mer, indicating ATP was able to mediate 3′ dCMP excision from the chain-terminated RNA 3′-end. The two longer products indicated that ATP could also be used as a substrate for misincorporation into the RNA, forming new 10-mer Table 1 . Kinetic parameters for the excision reaction mediated by NTP or PP i Kinetic data from the excision reactions mediated by either NTP or PP i were analyzed by global data fitting to the model shown in Scheme 4 for NTP or in Scheme 2 for PP i . The fitted parameters are shown as the best fit value ± SE, which was calculated from the covariance matrix during nonlinear regression. The lower and upper limits shown in parentheses were derived from confidence contour analysis (46) (Fig. S1B ). According to the mechanism shown in Schemes 4 and 2, k 2 K 1 is equivalent to k cat /K m for the excision reaction and k −2 /K 3 is equivalent to k cat /K m for the reverse reaction. *Because there were no data to define k −2 and K 3 for CTP-mediated excision reactions, k −2 and k 3 were set at 0. † These parameters were previously measured (11) and were set as constant during data fitting. and 11-mer products. Note that the 10-mer RNA with the terminal 3′dCMP runs slightly below the 10-mer RNA, with NMP carrying a 3′-hydroxyl group (Fig. 5B , "10′-" labels for 3′dCMP containing 10-mer RNA and "10-" labels for 3′ NMP containing 10-mer RNA). When 5 μM NTPs were added to the reaction with 2 mM ATP, the chain-terminated RNA could be rescued to form extended RNA products with a majority of full-length RNA molecules (Fig. 5B , lane RESCUE/A).
When the excision reaction was performed with UTP, the reaction was less efficient compared with ATP, but both shorter (<10-mer) and longer (>10-mer) RNA products were observed (Fig. 5B, lane EXCISION/U) . The 9-mer RNA product indicated that UTP was able to mediate 3′dCMP excision from the chain-terminated RNA 3′-end, and the longer product indicated that UTP could also be used as a substrate for misincorporation into the RNA, forming a new 10-mer product. When 5 μM NTPs were added to the reaction with 2 mM UTP, the chain-terminated RNA could be rescued into extended RNA products with a majority of full-length RNA molecules generated, although the rescue was less efficient compared with that obtained with ATP as a substrate under similar conditions (Fig. 5B , lane RESCUE/U).
When the excision reaction was performed with CTP, the major product was a new 10-mer band and no shorter products were observed below the 10′-mer substrate (Fig. 5B , lane EXCISION/C). This result indicates that CTP could mediate excision of the chain terminator and was then used as a cognate substrate for efficient incorporation into the RNA, converting all excised products to new 10-mer products. When 5 μM NTPs were added to the reaction with 2 mM CTP, the chain-terminated RNA could be rescued into extended RNA products with a majority of full-length RNA molecules generated, although the rescue was less efficient compared with that obtained with ATP as a substrate under similar conditions (Fig. 5B, lane RESCUE/C) .
When the excision reaction was performed with GTP, the level of excised product was similar to the reaction of the negative control (Fig. 5B, compare lane EXCISION/G with lane EXCISION/0), indicating that GTP could not mediate excision of the chain terminator under these conditions. Consistently, when 5 μM NTPs were added to the reaction with 2 mM GTP, the level of rescue was also similar to that of the negative control (Fig. 5B, compare lane RESCUE/G with lane RESCUE/0).
From the band intensities of the initial 10-mer and the excised products, PP i and ATP showed a similar extent on excision, which was more efficient than UTP and CTP at a concentration of 2 mM. Similarly, for the replication rescue reactions, ATP and PP i most efficiently rescued RNA synthesis, with ATP-mediated excision leading to the most efficient rescue of full-length RNA products.
Dead End Complex Formation Prevented Excision of 3′dCMP. In the experiment described in Fig. 5 , GTP could not mediate excision of the chain terminator. Based on the template sequence, GTP is the next cognate nucleotide that can base-pair with the next templating nucleoside CMP; thus, the excision reaction could be prevented by the formation of a stable dead end complex (DEC), in which the next cognate nucleotide binds after the chain terminator at the active site (23) . We therefore further investigated the impact of binding the next cognate nucleotide on excision efficiency.
We examined the ATP-mediated excision reaction in the absence or presence of increasing concentrations of GTP (the next cognate NTP after the chain terminator) or increasing concentrations of UTP as a control. In this assay, the NS5B-10/20-mer complex was incubated with 2 mM ATP for 7 min with GTP or UTP at various concentrations. As shown in Fig. 6 , the addition of GTP had a dramatic impact on the ATP-mediated reaction. The amount of excised products (bands below and above 10′-mer) was about 60% of total input 10′-mer with 2 mM ATP alone. At low GTP concentrations, the overall excision efficiency was not affected but the formation of an 11-mer product that had the 3′dCMP excised and two nucleotides added was promoted. However, the excision reaction was strongly inhibited at higher concentrations of GTP (Fig. 6A) . The amount of excised product was plotted against GTP concentration, and the data were fitted to a hyperbola, yielding an apparent K d of 57 ± 9 μM (Fig. 6B) , providing an estimate of the binding affinity of GTP to the active site containing a 3′dCMP-terminated nascent RNA.
The excision efficiency mediated by ATP was not affected by UTP concentrations up to 0.4 mM (Fig. 6A, Right) . The 11-mer band generated in the reaction with ATP alone, however, was not formed in the presence of UTP. Instead, small amounts of a larger intermediate RNA product and full-length RNA were formed in the reaction due to misincorporation. For example, the formation of full-length RNA required three misincorporations (one against G and two against C), and the intermediate length product was consistent with a pause at the second C position on the template.
Discussion
Model of NTP-Mediated Excision by NS5B. All DNA/RNA polymerases tested to date can catalyze pyrophosphorolysis, which is the reverse reaction of nucleotide polymerization. In this reaction, PP i is used as a substrate by the polymerase to catalyze a nucleophilic substitution reaction at the 3′-terminal nucleotide of nascent DNA/RNA, resulting in the release of a nucleoside triphosphate and a shortened DNA/RNA molecule. In most cases, the biological impact of pyrophosphorolysis is considered small because PP i concentrations are low relative to dNTP/NTP concentrations in cells and reaction kinetics and thermodynamics favor the polymerization reaction.
From our studies of the enzymatic activities associated with the HCV NS5B elongation complex, we unexpectedly discovered that HCV NS5B can also catalyze the excision of a terminal nucleotide on a nascent RNA by using NTP as a substrate. This new excision reaction is mediated by an incoming nucleotide that is not complementary to the next template position, generating shortened RNA and Np 4 N products (Fig. 1) .
Based on our results, we propose that the reaction mechanism is similar to the NTP-mediated excision mechanism first described by Meyer et al. (15, 16) for HIV RT, an RNA-dependent DNA polymerase. A schematic description of the reaction mechanism and the key intermediates is shown in Fig. 7 . The NTP-mediated excision reaction starts with binding of a noncomplementary NTP to the active site in a reverse direction, opposite to the binding of an NTP for incorporation. The terminal γ-phosphate of the triphosphate moiety provides the nucleophilic oxygen, which reacts Table 1 . The gel image for this experiment is shown in Fig. S2E .
with the terminal phosphodiester of the substrate RNA. In a nucleophilic substitution reaction, the shortened RNA molecule is the leaving group and a dinucleotide tetraphosphate is formed.
The NTP-dependent excision to generate nucleoside polyphosphates appears to be a rare reaction, and, to date, it has only been reported for several RTs, such as HIV RT, Moloney murine leukemia virus RT, and avian myeloblastosis virus RT, whereas pyrophosphorolysis is universal to all polymerases (16) . This may be related to the requirement of steric space to accommodate the larger PP i donor at the polymerase active site. Mismatched nucleotides can also stimulate 3′-to-5′ excision by Escherichia coli RNA polymerase, a DNA-dependent RNA polymerase, but the mechanism is different in that there are no dinucleoside polyphosphates formed (24) .
The mechanism of NTP-mediated excision by an RNA-dependent RNA polymerase was briefly tested in NS5B of bovine viral diarrhea virus (BVDV), a member of the same Flaviviridae family to which HCV belongs, but ATP-mediated excision was not detected (25) . This may suggest that NTP-mediated excision may be highly specific to HCV in the Flaviviridae family. However, more data need to be generated with BVDV to test this point. The previous work was performed without the availability of a purified, stable elongation complex. Also, the excision reaction may be sequence context-dependent in that the excision could be much less efficient in some positions, as has been shown for HIV RT (26) . Because of the similarity in their structure and function, it may be more likely that the viral RNA polymerases from the Flaviviridae family share this activity. How broadly this mechanism exists across other RNA polymerases is unclear; revisiting and future testing of such enzymes will be required. Also, in the case of HCV NS5B, it will be of great interest to investigate the influence of the sequence context of RNA and NS5B, as well as other proteins of the replicase complex, on this activity. It should also be noted that the data were generated with a recombinant NS5B protein purified from E. coli, which carried a deletion of 21 aa from the C terminus and an N-terminal His tag. This protein has been the best characterized form of HCV polymerase to date, but it will be of interest to evaluate the nucleotide excision activity in the context of a full-length polymerase or replicase complex.
Kinetic parameters for excision were measured using singleturnover transient kinetic methods. The apparent ground state binding constant, K d = 1/K 1 , for NTP binding to the excision site was in the range of 3-5 mM, about two magnitudes higher than the K d for binding to the active site during template-mediated nucleotide incorporation, which is in the range of 20-40 μM (11). This may indicate limited interaction of the nucleoside base with the enzyme in this reverse binding mode, consistent with the fact that all three noncomplementary NTPs could be used as substrates in the excision reaction. In contrast, the binding affinity of a nucleotide during template-mediated incorporation is facilitated by base pairing with the template base and nonspecific binding of the triphosphate moiety to the positively charged amino acids on the fingers domain (27) . Interestingly, the binding K d for NTP at the excision site was also ∼10-fold higher than the K d for PP i binding (310 μM). During NTP-mediated excision, the γ-phosphate and β-phosphate of the incoming NTP will likely occupy the same binding site as a PP i , whereas the sugar and base will point away from the active site; thus, the reduced affinity for NTP compared with PP i indicates unfavorable interactions of the α-phosphate and/or the nucleoside sugar/base with the NS5B enzyme or unfavorable entropy.
The observed rates of excision mediated by ATP, UTP, CTP, and PP i , were 0.076 s , respectively. The excision rate mediated by ATP was two-to four-fold faster than the rates mediated by UTP and CTP, and the rate mediated by PP i was about fivefold faster than that mediated by ATP ( Table 1) . The difference in rates could be explained by the difference in alignment of all catalytic elements in the transition state, where PP i may be most optimal. Most importantly, there may be a rate-limiting conformational change preceding the excision chemistry step. Conformational changes preceding and following chemistry steps during nucleotide incorporation have been reported for DNA and RNA polymerases, and they can contribute to the apparent rate of P labeled 10-mer was reacted with PP i and the relative concentrations of excision products (RNA molecules <10-mer) were determined. The gel image is shown in Fig. S3C . All the data were fit globally to the mechanism shown in scheme 2.
product formation (28, 29) . HCV NS5B has a more rigid overall structure compared with other polymerases, but the existence of a rate-limiting conformational change at the active site cannot be ruled out. If a conformational change is required before the chemical step, the smaller PP i molecule may accommodate such a conformational change more readily compared with reversebound NTP molecules. Further studies are needed to probe conformational changes in HCV NS5B.
The excision efficiency is defined as k 2 K 1 = k cat /K m (Scheme 3), accounting for the net contribution from the apparent ground state binding and the rate of excision. The reaction in the presence of ATP was about fivefold more efficient than that with CTP and UTP, mostly driven by differences in the rate constant k 2 . The excision efficiency for PP i was significantly (50-fold) higher than that of ATP. This difference was driven by both a 10-fold increased binding affinity and a fivefold increased excision rate. However, in human cells, ATP is generally present at a much higher concentration (∼2 mM) than PP i (10- 150 μM) ; thus, excision mediated by ATP and PP i could occur at similar rates under physiological conditions (18, 30) . Importantly, the NS5B protein sequence could affect reverse NTP binding affinity and excision efficiency. Mutations on NS5B could therefore modulate this activity. Future studies with NS5B proteins of different HCV strains and mapping of the reverse NTP binding site by mutagenesis will help to evaluate the range of naturally occurring and inducible NTP-mediated excision efficiencies.
The efficiency of ATP-mediated excision of CMP from the 3′-end of nascent RNA by HCV NS5B was about 100-fold and 10-fold higher than the efficiency of ATP-mediated excision of a ddAMP catalyzed by HIV RT and its thymidine analog-resistant forms, respectively (15, 16) . Because ATP-mediated excision has significant implications in nucleoside potency and drug resistance in the case of HIV RT, this difference may indicate an even more important biological implication in the case of HCV polymerase. It should be noted, however, that the kinetic parameters for NTP-mediated nucleotide excision might be highly dependent on the primer/template sequences (26) . Further studies will have to investigate how differences in the primer/template sequences affect the relative excision efficiencies in the presence of different NTP molecules.
The 3′-end of the nascent RNA in the elongation complex translocates between the so-called "P" site and "N" site on the polymerase (Fig. 7) , where the N site is the binding site for the incoming nucleoside triphosphate substrate during RNA synthesis. After incorporation, the enzyme advances and the newly added nucleotide translocates to the posttranslocation site (P site), allowing the next incoming nucleoside triphosphate to bind to the N site. In the absence of next template-specific NTPs, the nascent RNA 3′-end can oscillate between these two sites and the populations are dictated by the translocation equilibrium. The complexes of the polymerase with nascent DNA occupying both the P and N sites were captured by cross-linking DNA to HIV RT to allow crystal structures of such complexes to be obtained (31, 32) . For HCV NS5B, the shift of the species in these two sites was apparent from the impact of the addition of the next template matching GTP to the chain-terminated nascent RNA in the elongation complex (Fig. 6) . When GTP was added, the ATP-mediated excision of the chain terminator was reduced. This is consistent with the chain-terminated RNA end moving into the P site, triggered by the binding of the correct GTP in the N site to form a relative stable DEC, resembling the closed complex of T7 DNA polymerase (27) . The IC 50 of GTP inhibiting 3′dCMP excision by ATP was 57 μM, which is the apparent K d for GTP binding in current assay conditions. This value is very close to the K d for GTP binding in the RNA synthesis reaction (11), consistent with the contribution of template base pairing and triphosphate binding to the N site. Considering the DEC formation as a process with a minimum of two steps, translocation followed by GTP binding to form the DEC, this apparent K d is the product of the true binding K d of GTP and a factor derived from the translocation equilibrium constant.
Because translocation to the P-site will reduce excision, the translocation equilibrium can affect the excision efficiency. It has been shown for HIV RT that the equilibrium of translocation between these two sites can be affected by temperature and primer/template sequences (33) , and it is reasonable to expect that this will be the case for HCV polymerase as well. Newly obtained crystal structures of the NS5B (with β-loop deletion) with a primer/template RNA only captured the primer end at the N site, suggesting that the 3′-end of the nascent RNA may predominantly occupy the N site for HCV NS5B (34) . This may explain the high efficiency of NTP-mediated excision observed for NS5B compared with HIV RT, but it is important to note that the structure was obtained with a β-loop-deleted form of the enzyme, a modification that significantly affects RNA binding.
We ). Single nucleotide incorporation measurements using Np 4 N as substrate at various concentrations could provide better estimates of k cat and K m for a more accurate value of k cat /K m . Nevertheless, current estimates were consistent to the observation with HIV RT showing that Np 4 N could be used as a substrate for DNA synthesis as efficiently as its corresponding nucleoside triphosphates (35, 36) .
Implications for HCV NS5B Fidelity. The discovery of NTP-mediated excision in HCV NS5B was unexpected. In an effort to measure the efficiency of incorrect nucleotide incorporation, we found that the substrate RNA primer was shortened instead of extended by nucleotide misincorporation (Fig. 1) . This result demonstrated that HCV polymerase can use NTPs in three different reactions: (i) nucleotide incorporation (template-mediated RNA extension), (ii) nucleotide misincorporation (RNA extension with a templatemismatched nucleotide), and (iii) NTP-mediated excision of the 3′-terminal nucleotide on the nascent RNA. Nucleotide misincorporation is therefore reduced by NTP-mediated excision, suggesting NTP-mediated excision may be involved in error correction, and may thus affect the fidelity of NS5B. Fidelity of NS5B has been measured recently by comparing the kinetics of correct nucleotide incorporation and misincorporation. The most frequent misincorporation events were U/G or G/U misincorporation (14) . However, the total fidelity of a polymerase is a function of all the kinetic parameters from the steps including misincorporation, excision, and nucleotide incorporation after misincorporation (37) . More rigorous kinetic analysis of these events will be required to determine the impact of this unique mechanism on overall polymerase fidelity.
Unblocking of Chain-Terminated Primer by NS5B Through NTPDependent Excision and Its Implication in Drug Resistance. Nucleoside inhibitors (NIs) are an important class of anti-HCV agents targeting NS5B and a major class of antiviral agents targeting other RNA and DNA viruses. The efficacy of an NI can be affected by several factors, such as cell permeability, phosphorylation, incorporation and excision of the NI. Previously, excision of incorporated chain-terminating NIs and rescue of RNA replication by pyrophosphorolysis were demonstrated for RNA polymerases from HCV and BVDV (25, 38, 39) , leading to the proposal that pyrophosphorolysis may affect the efficacy of a chain terminator as an anti-HCV agent. In this study, we demonstrated that a terminal 3′dCMP chain terminator can be removed by ATP and other noncomplementary NTPs, and the replication was rescued when other nucleotides are available. In comparison to PP i , ATP-mediated excision and rescue of fulllength RNA transcripts were more efficient for NS5B, whereas the PP i -mediated reaction showed more incomplete transcripts. In the case of HIV RT, it appeared that ATP, rather than PP i , was driving the cellular and clinical phenotype of the excision reaction (18) . Considering the intrinsically higher efficiency of ATP-mediated excision by HCV polymerase, ATP may have a similar or even higher impact on NI potency in the case of NS5B, and HCV may exploit this mechanism to develop resistance against NIs. As best exemplified by HIV RT resistance to AZT, resistance mutations on the viral polymerase can create a specific binding pocket for ATP at the excision site (40) . It is conceivable that NS5B may develop similar mutations favoring reverse binding of an NTP, such as ATP, to excise an incorporated NI. Current NI resistance mutations in NS5B with unknown mechanisms of action may be investigated for a potential impact on NTP-mediated excision efficiency (41) (42) (43) .
Our results also showed that excision of a terminal 3′dCMP can be inhibited by DEC formation. However, ribose or base modifications on an NI could prevent the next NTP binding to form DEC, and thus favor excision of the NI, as described for HIV RT (44) . It has been suggested that the 3′-azido group of AZT can weaken the binding of the next correct nucleotide to the N site because of steric interference (45) . For HCV, NI analogs, such as 2′-C-methyl-CMP, prevented NS5B from forming a DEC; thus, its removal could not be protected by binding of the next correct nucleotide during pyrophosphorolysis (38) . Any mutations shifting the translocation equilibrium to favor the primer end at the N site or preventing DEC formation will increase the excision efficiency. Currently, the two most prevalent NI resistance mutations of HCV NS5B are S96T and S282T. S282T has been shown to reduce the incorporation efficiency of 2′-C-methyl-modified nucleotides, whereas the mechanism of resistance conferred by S96T is unknown. S282T did not show increased excision of 2′-C-methyl-CMP compared with WT NS5B via pyrophosphorolysis. Whether these mutations facilitate NTP-mediated excision to confer resistance has not yet been determined. Characterization of a larger number of NS5B variants from different HCV genotypes and of the potential of mutagenesis to establish higher affinity reverse NTP binding sites on NS5B will allow us to clarify the possible impact of this newly detected mechanism on nucleoside-based therapy for HCV.
Experimental Procedures
Nucleic Acids. The 20-mer RNA template (5′-AAUCUAUAACGAUUAUAUCC-3′), a 5′-monophosphorylated GG dinucleotide primer (pGG), and a nonphosphorylated GG dinucleotide primer ( OH GG) were chemically synthesized by Dharmacon. The 5′-end 32 P-labeling reaction of OH GG was conducted with [γ-32 P]ATP and T4 polynucleotide kinase in forward reaction buffer (Invitrogen) for 1 h at 37°C. The reaction was stopped by heating at 95°C for 3 min. The resulting radiolabeled pGG was mixed with cold pGG to make radiolabeled pGG stock solutions (the original radiolabeled pGG was less than 1%).
Expression and Purification of NS5B(Δ21). N-terminal penta-His-tagged NS5BΔ21 [con1 strain, codon sequence is from GenBank (accession no. AJ242654); 21 C-terminal amino acids were removed from the full-length NS5B protein] was cloned into a pET17b vector (Novagen) and expressed in E. coli BL21(DE3) cells. The purification procedure was described previously (11).
Formation and Purification of a Stable NS5B-Primer-Template Complex
Containing an [α- 32 P]CMP at the 3′-End of the Primer. A reaction containing 12 μM NS5B, 10 μM pGG (not 5′-end-labeled), 10 μM 20-mer template, 25 μM ATP, and 12.5 μM UTP in the optimized reaction buffer [40 mM Tris·Cl (pH 7.0), 20 mM NaCl, 5 mM DTT, and 2 mM MgCl 2 ] was run for 2 h at 30°C to convert about 3 μM NS5B protein into a stable NS5B-9/20-mer complex as described (11) . The 2-h reaction then was mixed with 10 μM [α- 32 P]CTP for 20 s at 30°C to obtain an NS5B-10/20-mer complex that contains an [α-32 P]CMPterminated 10-mer RNA. After this 3′-end labeling, the reaction was spun at 16,000 × g for 5 min at room temperature using a benchtop centrifuge. After centrifugation, the supernatant was removed and the remaining pellet was washed twice by additional resuspension and centrifugation to remove residual contaminants. The pellet was resuspended in a physiologically relevant reaction buffer containing 40 mM Tris·Cl (pH 7.4), 150 mM NaCl, 5 mM DTT, and 2 mM MgCl 2 . The volume of the final suspension buffer was fivefold of that in the original reaction; thus, the final concentration of the purified NS5B-10/20-mer complex was about 0.6 μM.
Formation and Purification of a Stable NS5B-Primer-Template Complex Containing a 3′dCMP at the 3′-End and a 32 P at the 5′-End of the Primer. The methods were same as described above, except 10 μM 5′-end 32 P-labeled pGG was used to generate the NS5B-9/20-mer complex, followed by a 20-s reaction with 10 μM 3′dCMP to obtain the NS5B-10/20-mer complex that contains a 5′-end 32 P-labeled 10-mer RNA with a 3′dCMP at its 3′-end.
Synthesis of Radioactive Dinucleoside Polyphosphates by Luciferase. The synthesis of radioactive Ap 4 C, Gp 4 C, Up 4 C, and Cp 4 C containing an [α-32 P]CMP was conducted according to the methods previously described (16, 22) . In a 50-μL reaction, 20 μCi [α- 32 P]CTP and one of the NTPs (ATP, GTP, UTP, or CTP) at 2 mM were incubated for 24 h at 30°C with 25 μg of firefly luciferase (Sigma-Aldrich) in a reaction buffer containing 50 mM Hepes (pH 7.4), 5 mM MgCl 2 , 1 mg/mL BSA, 0.05 units of yeast inorganic pyrophosphatase (PPase; New England Biolabs), and 0.1 mM D-Luciferin (Sigma-Aldrich).
NTP-Mediated Excision Assay. In a typical assay, purified NS5B-10/20-mer elongation complex was incubated at 30°C with one NTP or PP i for time intervals as indicated. The reactions were quenched by mixing with a quench solution containing 90% formamide, 50 mM EDTA, 0.1% bromophenol blue, and 0.1% xylene cyanol. For reactions using PPase-treated NTP or PP i , 2 mM NTP or PP i was treated with 0.002 U/μL PPase at 30°C for 10 min before mixing with the elongation complex.
Pyrophosphorolysis Using a Rapid Quench-Flow Method. Reactions were conducted at 30°C using an RQF-3 rapid quench-flow instrument (KinTek Corporation). In a typical quench-flow assay, each reaction was started by mixing the purified NS5B-primer-template complex with an equal volume of solution containing PP i at various concentrations. Reactions were quenched at the time intervals indicated in the figures.
Product Analysis. The quenched reactions were heat-denatured for 3 min at 95°C before electrophoresis. The samples were loaded onto a 22.5% denaturing polyacrylamide gel with 7 M urea (National Diagnostics), and electrophoresis was performed at 80 W using a Sequi-Gen GT system from Bio-Rad. Dried gels were exposed to storage phosphor screens and visualized by a Typhoon 9400 scanner (GE Healthcare). The intensity of each band on the gel was quantified using ImageQuant software (GE Healthcare). The percentage of a reaction product formed at each time point was calculated as the percentage of the product band intensity in the total intensity of all bands in a given lane.
Data Analysis. The kinetics of NTP-or PP i -mediated excision were analyzed using the KinTek Explorer program (KinTek Corporation), which is based on numerical integration of rate equations from an input model (46, 47) . In fitting the data of the time courses of Ap 4 C and Up 4 C formation according to Scheme 4, we assumed diffusion-limited nucleotide binding (k 1 = 100 μM ) to the excision site to form the initial complex, whereas the dissociation rate, k −1, was allowed to vary during fitting to afford calculation of the dissociation equilibrium constant (K d = k −1 /k 1 = 1/K 1 ). Similarly, for the reverse reaction, diffusion-limited binding of Ap 4 C and Up 4 C to the active site was assumed; thus, k −3 was fixed at 100 μM −1 ·s −1 . In fitting the data of the time courses of Cp 4 C formation according to Scheme 4, there are no data to define k −2 and K 3 for CTP-mediated excision reactions; therefore, the rates of k −2 and k 3 were set at 0, and the data were thus actually fit to a simplified model with two steps to derive only 1/K 1 and k 2 for the forward reaction. In fitting the data for pyrophosphorolysis according to Scheme 2, the values of k −2 , k 3 , and k −3 were fixed with the previously determined values for CTP incorporation (11) . Each reaction was repeated at least twice in separate experiments, and data from the two repeats were used in the global data fitting both jointly and independently. In the figures presented in the main text, data from only one repeat were shown. During data fitting, the program sought parameters that resulted in the minimum χ 2 value using nonlinear regression. The best fit value ± SE for each parameter was summarized in Table 1 . The SE was calculated from the covariance matrix during nonlinear regression in globally fitting both repeats of each experiment. Alternatively, globally fitting each repeat individually gave comparable parameters and SE values, indicating that the results were quite reproducible. In addition to SE values, more rigorous analysis of the variation of these kinetic parameters was accomplished by confidence contour analysis. In this analysis, the lower and upper limits for each parameter were derived from the threshold in the confidence contours equal to a 10% increase from the minimum χ 2 value, which represents a 90% confidence interval (46) .
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